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A B S T R A C T
One-dimensional nanostructures, such as nanorod (NR) arrays, are expected to improve the photovoltaic (PV)
response of solar cells with an ultrathin absorber due to an increased areal (junction) density and light trapping.
We report on the deposition of CdS and CdTe:As semiconductor thin ﬁlms on ZnO NR arrays by means of
metalorganic chemical vapour deposition (MOCVD). The change in optical properties of the ZnO NRs upon the
growth of CdS shell was monitored and compared to the simulated data, which conﬁrmed the presence of strong
light scattering eﬀects in the visible and near infrared regions. The PV performance of nanostructured vs. planar
CdS/CdTe solar cells (grown using the material from the same MOCVD run) showed similar conversion eﬃ-
ciencies (~ 4%), despite the current density being lower for the nanostructured cell due to its thicker CdS
window. A clear improvement in the quantum eﬃciency was however observed in the near infrared region,
resulting from the light trapping by the ZnO/CdS core-shell NR structure. We also showed that reduction of
surface defects and use of high absorber carrier density would boost the eﬃciency beyond that of planar CdTe
solar cells. The reported device performance and the direct observation of light trapping are promising towards
optimisation of extremely-thin-absorber CdTe PV devices.
1. Introduction
Cadmium telluride (CdTe) based photovoltaic technology is in-
creasing its promise for large scale solar electricity production, with
new record eﬃciencies of 22.1% for solar cells and 18.6% for modules
[1]. Although, only 1 µm thick CdTe is suﬃcient to capture more than
95% of the solar spectrum above the CdTe bandgap (1.45 eV), typically
more than 2 µm thick CdTe is used to realise high eﬃciency planar
devices. Attempts to reduce the CdTe thickness to less than 1 µm so far
ended with severe losses in cell performance [2].
Electrically conducting ZnO nanorod (NR) arrays would form an
interesting front contact for superstrate CdTe solar cells with an ex-
tremely-thin-absorber (eta). A combination of the improved areal
density of the semiconductor junction (due to the large surface area of
the NR array available for deposition) and also the light trapping eﬀects
observable in such nanostructures [3] are expected to improve the
photocurrent and spectral response. However, a survey of the related
literature on solar cells involving NR arrays (Table 1) suggests this is
not straightforward to realise. In practice, there seems to be many
technical issues related to material properties and deposition uni-
formity, resulting in poor and even non-functional one-dimensional PV
structures. The best result was obtained by depositing a thick CdTe
layer, via chemical vapour deposition, onto CdS nanopillars sticking out
of a porous anodic alumina nano-template [9]. However, this process is
very complicated involving many fabrication steps. Simpliﬁed struc-
tures to be deposited by highly conformal deposition methods, such as
atomic layer deposition (ALD), metalorganic chemical vapour deposi-
tion (MOCVD), and successive ionic layer adsorption and reaction
(SILAR), would be of interest to advance one-dimensional CdTe pho-
tovoltaics.
This paper presents a study into the eﬀects of using a ZnO NR
scaﬀold on the growth and performance of CdS/CdTe solar cells,
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deposited by MOCVD. A ZnO/CdS/CdTe core-shell NR based device
structure, modelled using the ﬁnite-diﬀerence time-domain (FDTD)
method for light-trapping prediction, was fabricated using hydro-
thermal and MOCVD methods for the deposition of ZnO and CdS/CdTe,
respectively. The deposition characteristics of the CdS/CdTe shells on
the ZnO NRs, as well as their material properties were assessed.
Nanostructured solar cells, with comparable performance to planar
cells and displaying light trapping characteristics are reported. Thin
ﬁlm properties and device performance issues are discussed for the
future optimisation of eta-CdTe cells.
2. Experimental and simulation details
ZnO NRs aligned perpendicularly to the substrate were synthesized
via a hydrothermal method [10]. First, a ∼ 10 nm thick ZnO ﬁlm,
serving as the self-catalytic seed layer for the ZnO NR growth, was
deposited by radio-frequency magnetron sputtering (6 sccm Ar ﬂow,
40 W power, 25 mTorr pressure) onto a commercial indium tin oxide
(ITO)/boro-aluminosilicate glass (Delta Technologies, 4–8 Ω/sq. with
83% transparency at 550 nm). The seed layer coated substrate was then
dipped into the hydrothermal solution containing 19 mM zinc acetate
dihydrate [Zn(O2CCH3)2(H2O)2], 1 mM aluminium acetate [Al
(C2H3O2)3] and 20 mM hexamethylene tetramine (C6H12N4), and kept
at 80 °C for 45–180 min. The substrates taken from the solution were
washed in de-ionised water and dried under N2 gas. The growth dura-
tion determines the length of NRs, where the amount of hexamethylene
tetramine determines the rod diameter. Using this method one can
easily grow ZnO NR array ﬁlms over relatively large areas (few cm2)
with high uniformity (in rod height and diameter), as depicted in Ref.
[10]. In this study, the NR length was controlled in the range of
0.5–1.4 µm.
A conventional (horizontal, atmospheric pressure) MOCVD reactor
was used to deposit CdS/CdTe layers as well as to perform CdCl2 acti-
vation treatment for the devices. The CdS ﬁlm was deposited without
pre-treatment on the ZnO NRs using ditertiarybutylsulphide and di-
methylcadmium organometallic precursors and hydrogen (H2) carrier
gas at 315 °C. CdTe ﬁlms were deposited at 390 °C with ~ 1019
atoms cm−3 arsenic (As) dopant atoms incorporated. The precursors for
As and Te were tris(dimethylamino)arsenic and diisopropyltelluride,
respectively. Device activation was performed in two steps; ﬁrst, a
CdCl2 layer was deposited onto the CdTe surface at 200 °C, using ter-
tiarybutylchloride as the Cl source, and annealed for 3 min at 420 °C (in
H2 atmosphere), and second, the sample was annealed in air at 170 °C
for 90 min after being taken out of the MOCVD chamber. Further ex-
perimental details on MOCVD growth and device activation can be
found in Refs. [11,12].
Solar cells were deﬁned by evaporating Au through a shadow mask
onto the air-annealed CdTe surfaces. The cells were typically dot con-
tact type with a diameter of 2 mm (3.14 mm2 area), but larger ones
with 5 mm × 5 mm (25 mm2 area) dimensions were also used for
spectral response measurements. AM1.5G J-V curves were collected
using an Abet Technologies Ltd. solar simulator with the light power
density calibrated using a GaAs reference cell. External quantum eﬃ-
ciency (EQE) measurements were carried out using a Bentham spectral
response system under unbiased conditions over the spectral range
300–1000 nm. The system response was corrected by scanning the
output of a c-Si reference detector. Arsenic atom concentration depth
proﬁling was carried out via secondary ion-mass spectroscopy (SIMS)
using a Cameca IMS-4f instrument with Cs+ ion source operating with
10 keV energy and 20 nA current. UV–Vis spectroscopy (Shimadzu UV-
2600, Varian Cary5000) was used to measure both transmittance and
haze of the ZnO NRs before and after CdS deposition. Electrical prop-
erties of the ZnO NRs/ITO substrates were characterised by four point
probe (for sheet resistance) and the Hall eﬀect (for carrier density and
mobility) measurements at room temperature. Prior to electrical mea-
surements, the samples were spin coated with a dilute poly(methyl
methacrylate) (PMMA) solution in chlorobenzene at 3000 rev min−1
and allowed to dry in air, in order to partly ﬁll the gaps between NRs for
complete electrical isolation of the underlying ITO ﬁlm. Scanning
electron microscopy (Tescan Mira 3, Zeiss EVO HD 15, FEI Helios
NanoLab) and transmission electron microscopy (JEOL JEM 2100F)
were used in combination with high resolution/low voltage energy-
dispersive X-ray spectroscopy (EDS, Oxford Instruments X-Max
Extreme) to characterise the structure and composition of the samples.
For TEM analysis, samples were scraped oﬀ the ITO substrates, soni-
cated in isopropanol and drop casted onto copper grids.
The optical simulations of the structures were performed using a
commercially available ﬁnite-diﬀerence time-domain (FDTD) simula-
tion tool, LUMERICAL™. A full-ﬁeld electromagnetic wave calculation
was carried out. The size of the unit cell was set to be 2000 nm ×
2000 nm. Plane waves were normally directed into the structure in the
z-direction (i.e. from the glass side). Bloch periodic boundary condi-
tions were set in x- and y-direction. Meanwhile, perfectly matched
layers (PMLs) were utilized in the direction of propagation of the plane
waves. The haze simulations of ZnO rods and CdS/ZnO rods were
carried out in three-dimensional layouts with cubic mesh size of 5 nm.
This structure consists of randomized rods, whose coordinates were
generated using a randomization algorithm with minimum separation
between each rod speciﬁed at 100 nm.
In optical simulations of CdTe solar cells, the geometrical para-
meters of the cell structure were extracted from the cross-sectional EDS
images. The ZnO NR diameters were measured as 100 nm with an
average height of 470 nm and the average deviation of the NRs from the
surface normal was measured as ~ 20°. The average CdTe layer
thickness was found to be 830 nm. The conformal CdS window layer of
20 nm thickness was built around the ZnO NRs. The CdTe layer is thick
enough to ‘bury’ all the ZnO/CdS NRs, yielding an excess layer of
360 nm. Optical simulations for planar solar cells were performed for
comparison. For the planar cells, ZnO and CdS thicknesses were kept as
10 nm and 20 nm, respectively, as in the NR-based cells. The CdTe
thickness was chosen by considering the equivalent volume of CdTe
used in the NR-based cells. The corresponding planar CdTe thickness
Table 1
Comparative performance of CdTe based one-dimensional photovoltaics.
Substrate Structure Absorber Jsc (mA cm−2) η (%) Ref
Growth method Thickness (µm)
Various Dense CdTe NR MS 0.1 0.04 – [4]
FTO/glass ZnO/CdTe NR CSS 0.05–0.1 0.35 0.01 [5]
ITO/glass ZnO/CdTe NR ED ~0.1 5.9 – [6]
FTO/glass ZnO/CdS/CdTe NR SILAR ~0.2 ~8 0.7 [7]
Mo/glass CdTe/CdS/ZnO/ITO NR VLS (via CSS) 0.05–0.2 13.9 2.49 [8]
AAO/Al CdS/CdTe NR CVD 1 21 6 [9]
TF, Thin Film; NR, Nanorod; ITO, Indium Tin Oxide; FTO, Fluorine-doped Tin Oxide; Mo, Molybdenum; AAO, Anodic Aluminium Oxide; Al, Aluminium; MS, Magnetron Sputtering; ED,
Electro-chemical Deposition; CSS, Closed-Space Sublimation; VLS, Vapour-liquid-solid growth; CVD, Chemical Vapour Deposition.
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was calculated as 530 nm. The calculation of absorption for CdTe/CdS/
ZnO solar cells was performed on a 2D structure with square mesh of
1 nm. ITO, ZnO, CdS, CdTe and Au material properties were taken from
Refs. [13–16].
The electrical simulations were carried out using Silvaco ATLAS. A
periodic structure was assumed to reduce the computational cost. We
expect that the randomness should not aﬀect the electrical simulation
results as long as the total surface area is kept constant. The period was
chosen as the average distance between nanorods in the random
structure. Photo-generated current densities in each layer for random
structures were extracted by optical simulations. Optical generation
proﬁles for periodic structures were provided to the electrical simula-
tions as an input, and the generation rates were scaled in each layer to
match the photo-generated current densities in the random structures.
Bandgap, electron aﬃnity, relative dielectric permittivity, conduction
and valence band density of states, electron and hole mobility values,
and defect parameters for CdTe, CdS, ZnO and ITO, Au were extracted
from the literature (Ref. [17–21]) and provided in Tables S1-3 (Sup-
plementary ﬁle).
3. Results and discussion
The following sections describe the structural, optical and electrical
properties of the prepared one-dimensional materials as well as the
solar cell device performance using an eta CdTe ﬁlm.
3.1. ZnO NR arrays
From SEM images, such as those shown in Fig. 1, the near-perpen-
dicular orientation of the NRs on the growth substrate was conﬁrmed.
However, in view of the subsequent deposition of CdS shells, it is im-
portant to note that the gap between the rods actually varied from
several nanometers up to 0.3 µm, due to the varying misalignment of
the NRs in the out-of-plane direction. The mean rod diameter for a NR
length of 0.75 µm (Fig. 1c) was determined to be ~ 50 nm.
After the growth of ZnO NRs on the ITO/glass substrate, the sheet
resistance was observed to increase from ~8 to 20 Ω/□, while the
carrier density decreased from 1.2 × 1021 to 1.3 × 1020 cm−3 and the
electron mobility increased from 41 to 44 cm2 V−1 s−1.
3.2. ZnO/CdS core-shell NRs
In general, very rapid nucleation and high growth rates were ob-
served for CdS deposition onto ZnO NRs, in comparison to planar
reference substrates (Fig. 2a). This is consistent with the behaviour
expected for surface kinetic limited growth. In some cases, this resulted
in complete ﬁlling of the gaps between the ZnO NRs (Fig. 2b, c), even
though only 50 nm ﬁlm was grown on the planar reference. Reduction
of the deposition time, i.e. thickness on the reference substrate
(Fig. 2d), allowed formation of CdS/ZnO core-shell NRs: presence of
large gaps between the ZnO NRs (Fig. 2e) and formation of a distinct,
uniform shell around single NRs (Fig. 2f) following CdS deposition were
observable. However, the substrate coverage became uneven (Fig. 2d),
which resulted in the variation of shell thickness.
The EDS spectra conﬁrmed the shell composition to be stoichio-
metric CdS, as shown in Fig. 3a. The ZnO core region in HRTEM image
(Fig. 3b) showing (002) planes (0.266±0.77 nm separation) being
parallel to the NR growth direction. The CdS shell (~ 5 nm) was ob-
served to have high degree of crystallinity, with its (113) plane
(0.189±0.73 nm separation) aligned with the (002) ZnO planes (both
materials are assumed to have the usual hexagonal wurtzite structure).
The transition in the total (direct and scattered) and scattered light
transmittance of the ITO/glass substrate upon the sequential deposition
ZnO NRs and ZnO/CdS core-shell NRs are shown in Fig. 4, together
with optical simulations. In general, a good agreement between ex-
perimental and simulated results are obtained. Compared to pristine
ITO/glass substrate (not shown), the growth of ZnO NRs shifted the
high energy absorption edge towards the ZnO band edge (~ 370 nm)
and induced signiﬁcant haze in the visible range (Fig. 4a), giving the
samples a milky appearance. For the 0.5 µm length ZnO NRs, the total
transmittance remained as high as that of starting substrate. If the NR
length is increased to 1.4 µm, the total transmittance reduced at most
wavelengths, with a maximum of T ≈ 80% at 900–1100 nm, and the
intensity of the scattered light increased signiﬁcantly. The absorption
onset shifted to the CdS bandgap (~ 520 nm), transmittance reduced
further (Tmax≈ 65% at 700–870 nm), and both the intensity and width
of the scattering component increased on the growth of CdS shells on
ZnO NRs (Fig. 4b). The strong scattering observed is a desirable eﬀect
for a thin solar absorber to be deposited onto the ZnO/CdS core-shell
NRs array in order to increase the absorption in the CdTe ﬁlm.
3.3. CdTe absorber deposition
CdTe:As ﬁlms were grown on ZnO NRs for the assessment of their
deposition behaviour and material properties. The SIMS depth proﬁling
(Fig. 5a) shows that the elements due to ZnO and CdTe:As materials co-
exist from the back surface down to the ITO/glass interface, conﬁrming
the conformal deposition of CdTe onto ZnO NRs with MOCVD (Fig. 5b).
Fig. 1. Top view (a, b) and cross-sectional SEM images (c) of the ZnO
NRs with 0.8 µm length.
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Upon CdTe growth, the width of the individual NRs increased up to
200 nm and some agglomerated NR clusters was also observable where
the rod-to-rod separation was very small. The rise in Cd114, Te120, and
As75 signals with respect to those of Zn64 and O18 near the base of the
NR array is probably due to a change in the density of the ZnO NRs,
resulting in a thicker CdTe layer forming at the base region. In the
absence of a suitable reference/calibration sample, direct quantiﬁcation
of the As atomic concentration within the CdTe layer was not possible;
however, a similarly prepared planar CdTe:As thin ﬁlm provided a
steady As concentration of ~ 1019 atoms/cm3 (not shown here). No-
tably, As doping at ~ 1018 atoms/cm3 level was found essential for
MOCVD thin ﬁlm devices [22], with thinner absorbers cells requiring
even higher dopant concentrations [23].
3.4. Device optical modelling
Fig. 6a and b show the spectrum of light absorbed in each layer for
both NR-based and planar surfaces, respectively. At ﬁrst glance, it can
be seen that ITO and ZnO absorb in UV region of the spectrum, espe-
cially for wavelengths below 400 nm. The amount of light absorption in
ITO (~ 0.65 mA/cm2) is similar for both cases whereas light absorption
in ZnO is higher for NRs. Additionally, ITO weakly absorbs at longer
wavelengths, too, due to free carriers.
The absorption in CdS dominates between 350 and 500 nm. The
total CdS absorption in NR-based structures is much higher than the
planar cells. The AM 1.5 solar spectrum weighed CdS absorption in NR-
based cells is 2.33 mA/cm2 (shown in Fig. 6a) while it is only 0.94 mA/
cm2 (shown in Fig. 6b) for the planar cells. The enhanced parasitic
Fig. 2. Eﬀect of CdS deposition time on the structure
of CdS/ZnO NRs. (a) A photo of 50 nm ﬁlm growth
(on planar reference). Resulting SEM images
showing complete ﬁlling of the gaps within the ZnO
NR array (b, c). A photo of the planar ﬁlm with a
thickness of 15 nm (d). Resulting SEM and TEM
images showing the formation of ZnO/CdS core-shell
NRs (e, f). The shell formed on the ZnO core walls, as
revealed in (f), is analysed in detail by Fig. 3.
Fig. 3. (a) EDS line proﬁles collected from a CdS/
ZnO core-shell NR: Zn (light blue), O (purple), Cd
(green) and S (red). More concentric Cd and S signals
at the NR walls indicate the shell to be CdS. (b) A
HRTEM image taken at the CdS/ZnO NR interface.
(For interpretation of the references to color in this
ﬁgure legend, the reader is referred to the web ver-
sion of this article.).
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absorption in CdS is due to the increase in the amount of CdS material
as it covers the relatively large ZnO NRs’ surface area as well as the light
trapping eﬀects within the ZnO NR array. For the planar cell, the
amount of CdS is not signiﬁcant to absorb most of the light in the blue
region of the spectrum. However, in case of NRs, light scattered by ZnO
NRs encounters with the CdS layer ﬁrst and therefore an increased
absorption is unavoidable. To do away with this parasitic absorption an
alternative n-type window layer material having higher transparency,
such as Zn1−xMgxO, can be utilized (see Fig. S1 in Supplementary).
For longer wavelengths (500–750 nm), CdTe absorbs almost all the
light. The NR-based cells have higher absorption in CdTe at long
wavelengths (> 750 nm) compared to the planar structure due to light
trapping eﬀect of NRs. However, the superior absorbance capability of
the NR-based structure at long wavelengths is just enough to compen-
sate the enhanced parasitic absorption loss at short wavelengths due to
CdS shells. The solar spectrum weighed absorption in CdTe was cal-
culated from 300 to 850 nm to be 24.67 mA/cm2 for NR-based cells and
24.64 mA/cm2 for planar cells.
The solar spectrum weighed absorption proﬁle between 300 and
900 nm for the NR and planar structures are shown in Fig. 6c and d,
respectively. The red colour represents high absorption and the blue
colour represents low absorption while it should be noted that a loga-
rithmic scale normalized to 1 is given. The disorderly formed inter-
ference patterns at diﬀerent angles in NR-based structure conﬁrm its
light trapping eﬀects. In NR-based structure, while most of the ab-
sorption occurs in CdTe, thin CdS layer also absorbs signiﬁcantly as
indicated by a reddish-yellowish colour. It is also noticeable that CdS
absorption is less signiﬁcant in the planar case. While ITO absorbs
moderately, the absorption in ZnO is quite limited in both structures.
3.5. Device performance
In the development of prototype NR-based devices (Fig. 7a), it was
considered necessary to avoid all potential electrical shorts between the
front contact, i.e. ZnO NR cores, and the back contact (Au), which may
arise due to the NR substrate-bound roughness of the grown surfaces.
Therefore, adopting the method followed by Fan et al. [9], all the
available gaps within the ZnO/CdS core-shell NR arrays was ﬁlled with
CdTe, also forming a continuous thin ﬁlm of CdTe atop the NRs, simi-
larly to the simulated “buried” structure. Cross-sectional EDS maps of
major elements (Fig. 7c and d) conﬁrm that the ZnO NRs are entirely
buried in the CdTe material and hence well separated from the Au
contact ﬁlm. Due to the above mentioned non-uniform growth of CdS
on ZnO NRs, the thickness of CdS showed considerable variation as
exempliﬁed by EDS images in Fig. 7c and d (cells B4 and C2, respec-
tively). The corresponding light J-V curves for these cells indicate the
importance of having a CdS window layer between CdTe and ZnO: cell
B4 with a CdS window clearly exhibiting better diode characteristics.
Furthermore, it was observed that such regions always exhibited better
device performance with higher shunt resistance and ﬁll factors com-
pared to cells having CdS deﬁciency.
The device performance of the best nanostructured solar cell is
compared to that of a planar thin ﬁlm structure deposited in the same
(MOCVD) growth run (Fig. 8). As previously noted, the CdS thickness
and growth rate was much higher on the ZnO NRs, than for the planar
device. Thus the resulting nanostructured solar cells showed a lower Jsc
(by ~ 5 mA cm−2), but surprisingly, an improved FF (by ~ 10%) and
Voc (by 20 mV) was obtained. Device eﬃciencies were comparable;
however, several shunted cells were also observed for the planar device
probably resulting from poor coverage of the CdS window. The better
Fig. 4. Total transmittance and scattered light due to ZnO NRs (a) and ZnO/CdS core-
shell NRs (with ~ 20 nm CdS shell) (b). Dashed lines are the model results for the cor-
responding haze data. Insets show schematics of the measured and simulated structures.
Note the calculations were made up to 1000 nm, beyond which reliable optical constants
could not be found in the literature.
Fig. 5. SIMS depth proﬁles of the Zn64, O18, Cd114,
Te120, and As75 isotopes (a) and a cross-sectional
SEM image (b) for a CdTe:As coated ZnO NR array
with rod length of ~ 1.4 µm.
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FF for the NR-based solar cells is particularly encouraging as it indicates
good coverage of the window layer on the rough ZnO NR arrays by the
MOCVD method. However, the deposition uniformity needs to be im-
proved using a suitable surface preparation method such as mild plasma
treatment [24]. Achieving high spatial uniformity with the CdTe/CdS/
ZnO NR structure would enable the development of larger area devices.
The EQE response of the planar devices showed a better collection
both in the blue/near UV (due to low absorption by the ultrathin CdS)
and in the red region between 650–830 nm. In agreement with the si-
mulations (see Fig. 6d) the blue part of the spectrum is strongly ab-
sorbed by CdS layer and causes Jsc losses in the case of ZnO NR array.
Volume thickness of the absorber deposited on the NRs and planar
Fig. 6. The absorption spectra in each layer for (a) NR-based and (b) planar cells. The corresponding solar spectrum weighed normalized absorption proﬁles are given for (c) NR-based
cells and (d) planar cells.
Fig. 7. A typical 2.5 × 2.5 cm2 CdTe/CdS/ZnO NRs
device with 2 mm diameter dot contacts (a), light J-V
curves (b) and cross-sectional EDS elemental (Au, Zn,
S, and Te) maps (c, d) for selected cells (B4, C2). ZnO
NRs in cell B4 have a CdS coating whereas those in
C2 has little/or no CdS coverage. The ZnO NRs are
embedded in a relatively thick CdTe layer elec-
trically separating the Au contact.
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substrate was determined to be about 400 and 550 nm, respectively.
This supports the observation of poorer red response with the NR-de-
vice. On the other hand, the NR-based cells show an improved collec-
tion in the near IR, around 900 nm (see inset to Fig. 8c). When com-
pared to the light scattering from a CdS/ZnO NR array (dashed line,
Fig. 8c) it can be understood that this gain is due to light trapping, a
prominent feature of the one-dimensional nanostructures such as the
NRs.
4. Discussion
Data in Fig. 7 showed that the NR device with a CdS window layer
exhibits improved diode characteristics, due to higher shunt resistance
and ﬁll factors, when compared to cells having CdS deﬁciency. In re-
lation to this observation, it is noteworthy to mention the study of
Zhang et al. [7]. They attested the contribution of an ultrathin (0–8 nm)
CdS ﬁlm (inner shell) between the CdTe absorber (outer shell) and ZnO
nanorods (core), where CdS and CdTe were deposited by the SILAR
method, showing that cell eﬃciency increased from ~ 0.2% for no CdS
(0 nm) case to ~ 0.7% for 4–8 nm CdS with ~ 200 nm thick CdTe ab-
sorber (see also Table 1). The improvement was attributed to passiva-
tion of the ZnO NRs’ surface using CdS (deduced from photo-
luminescence spectra) as well as the graded band energy alignment,
expected of the ZnO/CdS/CdTe structure.
Due to the lack of suitable planar cell structure (with equal amounts
of semiconductor layers as the NR cells), it was not possible to clearly
demonstrate the advantages and disadvantages of having a core-shell
NR cell structure. Rekemayer et al. fabricated PbS based solar cells on
ZnO NRs via a layer-by-layer chemical deposition method and mea-
sured a net Jsc gain (of ~ 4 mA cm−2) compared to equivalently grown
planar solar cell [25]. Overall, device conversion eﬃciency was also
improved by 0.5–1% (absolute) for the nanostructured cells. Their re-
ﬂectance and internal quantum eﬃciency data lead to the conclusion
that both light trapping (leading to enhanced absorption) and carrier
collection eﬃciency (due to the shorter path required for carriers to
cross) with the core-shell NR geometry were responsible for the en-
hancements. Further, it is remarkable that they also noticed a gain in
photo-response near the absorption edge of the absorber (~ 1000 nm
for PbS) which was assigned to the light trapping eﬀect. This eﬀect was
suggested to increase the optical path length in the absorber and
thereby enable capturing of the weakly absorbed near IR photons.
A recent report by Major et al., who fabricated a CdTe solar cell
structure on ZnO NR array ﬁlms, appears relevant to this study [26]. In
their approach, the ZnO NR ﬁlm is believed to have served as a highly
resistive buﬀer layer, as it was found that a core-shell structure was not
achieved via the deposition method used. Therefore, it is not possible to
make a direct comparison with our study in regards to core-shell na-
norod geometry and light trapping.
On a further note, performance of NR vs. planar CdTe devices,
employing equal amount of absorber, was studied via electrical mod-
elling. We compared planar and NR-based CdTe solar cells in terms of
various CdTe base doping densities (1 × 1015, 1 × 1016 and 1 ×
Fig. 8. IV curves (a, b) and EQE spectra (c) of the best CdTe/CdS/ZnO NRs/ITO and planar CdTe/CdS/ITO solar cells. The scattered component of the transmitted light from a CdS/ZnO
core-shell NRs array is also shown in (c) for comparison. The improved collection for the CdTe/CdS/ZnO NRs/ITO device in the near IR is highlighted in the inset to (c).
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1017 cm−3), minority carrier lifetimes (1 and 10 ns) and surface re-
combination velocities (between 1 × 101 and 1 × 107 cm/s).
NR-based CdTe solar cells suﬀer signiﬁcantly from carrier re-
combinations due to enhanced CdTe/CdS interface area as shown in
Fig. 9a and b. Therefore, their eﬃciencies drop signiﬁcantly with sur-
face recombination velocity at the interface. In the literature, there are
reports with achieved surface recombination velocities below 100 cm/s
at the CdTe/CdS interface [27]. Thus, it should be noted that 1 ×
107 cm/s represents a very poor surface passivation. 1–10 ns minority
carrier lifetime (τBulk) and 1 × 1015−1 × 1017 cm−3 doping con-
centration covers the state-of-the-art as well as the projected values in
the literature [28].
Fig. 9a and b show that even when very good surface passivation
and bulk material quality are achieved high doping densities are ne-
cessary for the NR-based solar cell to outperform its planar counterpart.
When a 1 ns bulk lifetime is assumed (Fig. 9a), NR-based devices with 1
× 1015 and 1 × 1016 cm−3 base doping densities perform much in-
ferior to the planar ones. Even though this eﬃciency gap can be low-
ered with increasing bulk quality (τBulk = 10 ns, Fig. 9b), doping
densities above 1 × 1016 cm−3 are still required to promote NR-based
CdTe solar cells.
5. Conclusions
ZnO NR arrays were utilized to study the deposition behaviour,
optical and photovoltaic response of the CdS/CdTe semiconductor ﬁlms
by MOCVD. Optical simulations indicated that light trapping eﬀect of
ZnO NRs yields an enhancement in Jsc at wavelengths longer than
700 nm while it also causes an increased parasitic loss due to light
absorption in CdS for wavelengths between 350 and 500 nm. The much
shortened nucleation delay and higher growth rate for CdS deposition
on ZnO NRs played an important role in determining the overall core-
shell NRs structure and their properties compared to planar counterpart
samples. Solar cells prepared via As doping of the CdTe absorber
showed similar conversion eﬃciencies for both nanostructured (CdTe/
CdS/ZnO NRs/ITO) and planar (CdTe/CdS/ITO) solar cells, given the
experimental variations in the thickness and absorption characteristics
of CdS and CdTe layers in these conﬁgurations. Deposition uniformity
will need to be increased to allow more systematic studies towards
increasing performance of such nanostructured devices. The light
trapping, emanating from the scattering due to underlying ZnO/CdS NR
array structure, was observed to contribute to the better spectral re-
sponse of the nanostructured solar cells in the near IR range
(830–930 nm). Electrical simulations indicate that NR-based solar cells
can outperform their planar counterparts having the same amount of
active material provided high doping concentrations and low CdTe/CdS
surface recombination velocities are achieved. Overall, these results
show that the CdTe/CdS/ZnO NRs/ITO solar cell structure with
engineered optical properties has good potential for the improvement
of extremely-thin-absorber (eta) CdTe solar cells.
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